Limb muscles separate from one another in a complex but highly stereotyped sequence and spatial pattern. The process of separation is characterized by the progression of a region of increased extracellular space, the cleavage zone, along the proximodistal axis between the individual muscle anlagen. We analyzed ultrastructurally the muscles and cleavage zone during the separation of two representative muscles, the developing sartorius and iliotibialis in the chick thigh, to establish an accurate baseline for an analysis of the mechanisms of separation. Comparisons of the morphology and distribution of cells before and after separation show no evidence that muscles became separated by the massive influx of an exterior cell population; if populations invade the cleavage zone, they are small. We do find characteristic transitions within the cell population of the cleavage zone in situ that could accomplish cleavage without invoking massive cell movements. These progressive transitions within the cleavage zone include a loss of close cell-cell interactions, an increase in extracellular space, the assumption of a more stellate morphology by mesenchyme cells, and a gradual alteration in the composition of the extracellular matrix from one typical of early muscle to one typical of loose connective tissue. Myotubes do differentiate between the incipient muscles, ruling out the possibility that the location where muscles will separate is defined by sites where myotubes fail to differentiate. Instead, the myotubes in the cleavage zone gradually diminish in number and appear to be specifically recognized and removed from the cleavage zone by phagocytes. We suggest that the transitions within the cleavage zone, including the loss of muscle cells, are a result of the progressive differentiation of loose connective tissue. If so, then the spatial pattern and process of cleavage is a consequence of spatially programmed cell differentiation.
INTRODUCTION
The morphogenesis of limb muscles is similar in representatives of several classes of vertebrates, including the mouse (Lance Jones, 19791, axolotl (Grim and Carlson, 19741, human (Cihak, 1972) , lizard (Romer, 1942) , and chick (Romer, 1927; Wortham, 1948; Sullivan, 1962; Shellswell and Wolpert, 1977; Pautou et al., 0 1991 WILEY-LISS, INC. 1982; Tosney, 1989,1991) . In all of these species, the muscles of the limb are sculpted from two muscle masses, condensations of cells that lie dorsal and ventral to the cartilaginous anlage that will form the central bone(s) of each limb segment. Individual muscles separate from one another in a stereotyped temporal sequence and in a stereotyped spatial pattern that can be monitored in serial cross sections of the limb during the period of separation. The region of separation is characterized a t the light microscopic level by a gradual increase in the extracellular space among cells in the cleavage zone, the region between separating muscles.
Despite the ease of characterizing the gross spatial differences associated with muscle separation, the morphogenetic mechanisms that cause the muscles to separate have yet to be identified. Previous studies have, however, ruled out some possibilities. I t is clear that muscle separation is not a side effect of the general maturation of the limb since the muscles do not separate in a constant and simultaneous proximal to distal order, unlike other aspects of limb maturation in which tissues are determined and mature from proximal to distal. Instead, each muscle separates in a characteristic spatial pattern, some separating from distal to proximal while others separate from proximal to distal (see Romer, 1927; Schroeter and Tosney, 1991) . Muscle separation, therefore, is subject to complex spatial-temporal control that is separate from general maturation processes. In addition, motor nerves (Paterson, 1888; Shellswell and Wolpert, 1977; Shellswell, 1977; Harrison, 1905) , tensile forces imposed by skeletal growth (Carey, 1920; Shellswell and Wolpert, 1977) , a prepatterning by vasculature (Caplan and Koutroupas, 1973; Wilson, 19861 , and a prespecification of myogenic precursors to become parts of particular muscles (Chevallier and Kieny, 1982; Lance-Jones, 1988a,b) have all been shown to be unlikely to cause muscle cleavage. The separation of muscles is currently thought to be a n autonomous process carried out by those cells within or near the muscle masses, and the patterning is generally considered to make use of a postulated three-dimensional system of positional information (see Shellswell and Wolpert, 1977) .
The present investigation addressed the mechanism of muscle separation by analyzing the separation of two 352 S. SCHROETER AND K.W. TOSNEY chick thigh muscles, the sartorius and iliotibialis,' a t the ultrastructural level. These muscles can be identified easily during the entire 2-day period when they are separating along the distal to proximal axis because they are large and superficial, and extend the full length of the thigh. We were particularly interested in determining whether differences in the distribution, spacing, or morphology of distinct cell types either presaged cleavage or were correlated with the progression of the cleavage zone between these muscles. The distribution and morphology of mesenchyme cells was of particular interest, because these cells have been implicated in the establishment of the pattern of muscle separation; and it is not known whether they establish this pattern indirectly by providing positional information in the limb or more directly by actively separating muscles in some way (Jacob and Christ, 1980; Chevallier and Kieny, 1982; Noden, 1983; Lance-Jones, 1988~) . For instance, indirect evidence has suggested that mesenchyme cells may actively separate muscles by migrating between their anlagen and synthesizing abundant extracellular matrix (Shellswell and Wolpert, 1977 ; see also Chiquet et al., 1981) . Alternatively, cleavage has also been suggested to result directly from a variety of possible (but yet to be documented) changes in the myogenic cells. For instance, myogenic cells might not differentiate within cleavage zones (Noakes et al., 1986) , or might stop or reverse their differentiation (Shellswell, 1977; Shellswell and Wolpert, 1977) ; or their adhesivity might decrease and result in the sorting out of cells and the separation of muscles (see Shellswell and Wolpert; . To address these possible mechanisms, we systematically sampled populations in the region of muscle separation before, during, and after separation and characterized them ultrastructurally. We also tested for statistically significant changes in the distribution, spacing, and morphology of distinct cell types.
A preliminary account of this work has appeared (Schroeter and Tosney, 1987) .
MATERIALS AND METHODS

Fixation, Histology, and Electron Microscopy
An initial group of embryos was prepared for light microscopy to enable us to use published criteria to identify the appropriate embryonic stages and to establish initial criteria for cleavage phases. Stage 26 through 32.5 (Hamburger and Hamilton, 1951) White Leghorn chicken embryos were fixed sequentially in Carnoy's and Bouin's fixatives (Humason, 1972) , dehydrated in graded ethanols, embedded from xylenes into paraplast, transversely sectioned a t 12 pm, and stained with Alcian blue, cresyl violet, and eosin. Tissues were easily distinguished by color and allowed us to establish characteristics such as cell densities and shapes to identify the same tissues in the monochromatic, plastic sections. ' The generally accepted modern names for muscles are listed in Nornina Anatornica Auiurn (Baumel et al., 1979) . The modern names for the two muscles used for the present study are in parentheses as follows: sartorius (iliotibialis cranialis) and iliotibialis (iliotibialis lateralis). The terminology used throughout the present paper is, however, that used by Romer (1927) In order to be consistent with previous studies to which the current information is most relevant.
The majority of the analyses used plastic-embedded embryos. Stages 27-32 embryos were decapitated, eviscerated, and cut in half sagittally; and the feet and tail were removed. The remaining portion of the limb was fixed for 3-15 h r a t 4°C in 2.5% glutaraldehyde, 0.15M sodium cacodylate, and 0.1% tannic acid. The latter was added to enhance the preservation of glycosaminoglycans (Singley and Solursh, 1981) . The tissues were postfixed in cacodylate-buffered 2% osmium tetroxide, dehydrated in graded ethanols, and embedded from propylene oxide into Epon-Araldite. The blocks were polymerized a t 60°C and serially sectioned a t 15 pm transverse to the long axis of the limb as in Tosney and Landmesser (1986) .
Equivalent thick sections in the center of each phase of cleavage in 7 stage 27.5-29 embryos were selected for ultrastructural study. This method ensured a repeatable mode of collecting data from a location well inside each phase, allowed results to be compared between embryos, and assured that samples did not contain regions where tendons develop. Camera-lucida drawings of the selected thick sections were made before thin-sectioning for later orientation. Thin sections were taken from the selected thick sections as in Tosney and Landmesser (1986) ; mounted on Formvarcoated, 1,000-pm, single-hole grids; stained with uranyl acetate and lead citrate; and viewed on a Philips 300 electron microscope. Photographic montages of the sartorius and iliotibialis muscles and the area between them were prepared at low and high magnifications.
Morphometry and Statistical Analyses
Photographic montages from 7 embryos in which sections from 2 or 3 different phases of cleavage could be obtained from the same thigh were used for morphometric analysis. A circular sample region with a radius of 20 km was drawn in 6 types of locations: within the muscles and within the cleavage zone during each of the 3 phases of cleavage. Each type of sample area closely represented an equivalent region in each embryo. We defined 3 measurements that are two-dimensional estimates of cell density in the 6 regions: number of cells, defined as the total number of all cells within each sample area; number of muscle cells, defined as the number of all cells meeting our criteria for muscle cells (see Results) within each sample area; and number of mesenchyme cells, defined as the number of all cells meeting our ultrastructural criteria for mesenchyme cells (see Results) within each sample area. We determined the distributions of muscle and mesenchyme cells since they are clearly the largest cell populations a t this time in development. The percentage of extracellular space was determined by using a Zeiss MOP-3 digitizer to measure the area of all cells (including all processes) within each sample area, subtracting this total cellular area from the total sample area, and expressing the result as a percentage of the sample area. Paired t-tests were used to determine if each of the measurements showed significant differences between types of sample areas. The data for each location were paired only within the same embryo to eliminate any influence of variation between embryos. The criterion for statistical significance was P<0.05.
To quantify changes in cellular morphology, we counted the number of mesenchyme cell processes (pro-cesses connected to mesenchyme cells and longer than 1 pm), the number of muscle cell processes (those connected to muscle cells and longer than 1 pm), and the number of isolated filopodia (cell processes that could not be traced to cells) in each sample area. A 2-way analysis of variance controlling for location (within muscle or cleavage zone) and phase (cleaved or uncleaved) was used to test for significant difference in these data. The area of the muscle groups before and after cleavage was also obtained from camera-lucida tracings at the light-microscopic level and compared by superimposing the drawings.
lmmunohistochernistry
Stage 27-29 embryos were fixed for 1 h r in 2% paraformaldehyde in phosphate-buffered saline (PBS) with 0.5% cetylpyridinium chloride a t room temperature, rinsed in 5% sucrose, incubated in 20% sucrose, and embedded and frozen in OCT (Tissue Tek). Each thigh contained a piece of hair inserted underneath the ectoderm, parallel to the femur, to enable perpendicular orientation when sectioning. Transverse sections were cut on a n American Optical cryostat at 6-8 pm, mounted on acid-cleaned slides double-subbed with gelatin, and stored at -80°C for up to 2 weeks. Every tenth to eleventh section was stained with cresyl violet to enable the selection of sections that contained examples of the three phases of cleavage.
The distribution of differentiating muscle cells was determined using MF 20 (1:lO dilution), a monoclonal antibody to the myosin heavy chain and light meromyosin that is typical of sarcomeres (Bader et al., 1982; Shimizu et al., 1985) . This antibody was also used as a positive control. The distribution of various extracellular matrix (ECM) molecules was examined using the following monoclonal antibodies at a dilution of 1 5 0 unless otherwise stated. Antibody 2B6 is specific for a 4-sulfated epitope generated by digestion of chondroitin-4-sulfate and dermatan sulfate with chondroitinase ABC (Caterson et al., 1985; Sorrell et al., 1988) . Antibody 3B3 (1:lOO dilution) is specific for a 6-sulfated epitope generated by digestion of chondroitin sulfate proteoglycans with chondroitinase ABC (Caterson et al., 1985; Sorrell et al., 1988) . Antibody 5D4 is specific for keratan sulfate (Caterson et al., 1983; Sorrell et al., 1988) . Antibody CS-56 is specific for chondroitinsulfate proteoglycan without chondroitinase pretreatment (Avnur and Geiger, 1984) . All antibodies were the generous gift of Jim Dennis.
The selected sections were blocked in 1% bovine serum albumin in PBS, pH 7.2, for 5 min a t room temperature; incubated with primary antibody for 1 hr a t 37°C; rinsed in PBS for 10 min; and blocked again. Biotinylated secondary antibodies were applied for 30 min a t room temperature (3B3: 1 5 0 goat anti mouse IgM from Organon Teknika Corp.; 2B6, 5D4, CS-56, MF 20: 1:40 sheep anti mouse IgG from Amersham). The sections were rinsed, blocked, and then incubated for 30 min with Texas Red-avidin (150, Amersham) and rinsed. The primary antibody was omitted from some sections in each group as a control. Sections stained with 3B3 and 2B6 were pretreated with chondroitinase ABC for 30 min a t 37°C (0.1 unitsiml, Seik-(10mM EDTA, 5mM benzamidine, O.llM 6-aminocaprolic acid, and 0.lmM phenylmethylsulfonyl fluoride) were included with the chondroitinase treatments.
RESULTS
Identification and Progression of the Cleavage Zone
The gradual separation of two muscles is diagrammed in Figure l to help the reader visualize the spatial-temporal progression of the separation process and our methods of sampling that process. At stage 27.5, the distal region of the iliotibialis and sartorius are distinctly separate, while the proximal regions have yet to show any evidence of separation. The region of separation, the cleavage zone, progresses proximally until each muscle is fully distinct along the entire proximodistal axis during stage 30. The process is a smooth one; and in embryos between these stages, sequential phases of cleavage are spatially arrayed along the distal to proximal axis within single thighs. In order to sample regions that had separated to different degrees systematically, we first established the timing of the distal to proximal progression of the cleavage zone between the sartorius and iliotibialis muscles by plotting the proportion of the sartorius that remained uncleaved a t different stages of development (Fig. 2) . We then concentrated on thighs between stages 27 and 30, which display phases from an uncleaved or cleaving state to fully separated muscles in a single thigh.
The phases of cleavage we defined as uncleaved, cleaving, and cleaved are illustrated in light and electron micrographs in Figure 3 . In the uncleaved phase (Fig. 3A,D) , there is no obvious distinction between the two muscles at the light microscopic level; this phase is characterized by a uniform distribution of cells in both of the muscles and in the area of future separation, the incipient cleavage zone. More distally in the thigh, the muscles are neither clearly separated nor are they indistinguishable; there appears to be more extracellular space between cells in the cleavage region than in either adjacent muscle, and the cleavage zone displays a continuum of increasing extracellular space along the proximal to distal axis. A central section taken from this region is used to characterize the cleaving phase (Fig. 3B,E) . In the cleaved phase, the cells of the two muscles proper are uniformly closely packed and are obviously separated by a mature cleavage zone in which cells are less closely packed and extracellular space is more extensive (Fig. 3C,F) . We analyzed only sections in the proximodistal center of uncleaved, cleaving, and cleaved phases in each thigh to assure that we were examining equivalent phases of cleavage in different embryos.
Cell Types and Their Organization Within Muscles
We were particularly interested in determining whether differences in the distribution of particular populations of cells characterized the process of cleavage. We initially concentrated on two ultrastructurally identifiable cell types which were common in the muscle masses during the relevant stages of development. The first, differentiating muscle cells, have ultrastructural characteristics as previously described in younger embryos by Hilfer et al. (1973) . These cells agaku Kogyo Co., Ltd., Tokyo); sections untreated with chondroitinase served as controls. Protease inhibitors have-myofilaments; numerous clusters of ribosomes, and a smooth profile; are less electron dense than other cells; and are generally closely apposed to other cells over most of their surfaces (Fig. 4A) . A related cell type is rare and is identical to the muscle cells in these respects, except for the absence of myofilaments and a somewhat thinner rim of cytoplasm over the nucleus (Fig. 4A) . These are likely to be developmentally younger muscle cells or myotubes in which the plane of section was through an area devoid of myofilaments, and they were counted as muscle cells in the morphometric analysis. The second cell type displays characteristics typical of mesenchyme cells, including an irregular and elongated shape, abundant rough endoplasmic reticulum, and an oval nucleus sur- rounded by a thin layer of electron-dense cytoplasm (Fig. 4B) .
The organization of these cell types is very similar within the myogenic zones at all the phases examined. The cells are typically organized as clusters of 3 to 5 closely apposed cells that correspond to the primary myotube clusters that have been described a t the lightmicroscopic level (see McLennan, 1983) . The clusters are separated from each other by extracellular space that is laced with filopodia. At least one muscle cell is always present within each cluster; this cell is often centrally located and is likely to be a primary myotube (Fig. 5A ). The clusters are morphologically similar throughout the proximal-distal extent of each muscle anlage during any particular embryonic stage, and they do not obviously correlate in size or position with any phase of cleavage. The clusters gradually become more distinct within each muscle and by stage 30 form units with smoother profiles and with fewer cellular processes extending between groups (see also Fig. 6 ). In addition, clusters are not obviously concentrated within the regions where motor nerves enter the muscles. Our morphometric analysis of each muscle sampled at each phase of cleavage detected no significant differences in the number of muscle cells, the number of mesenchyme cells, or the percentage ofextracellular space in each unit area. Therefore, during the embryonic stages we examined, the muscles themselves were not undergoing significant changes in the features we measured.
Uncleaved Phase: Initial Alterations Within the Incipient Cleavage Zone
The distribution of cell populations within the incipient cleavage zone is remarkably similar to that within the muscle during the uncleaved phase; both muscle cells and mesenchyme are present. I t was particularly interesting to find muscle cells in the cleavage zone, since one hypothesis has suggested (Noakes et al., 1986) that the incipient cleavage zone is defined by regions where muscle cells do not differentiate. An independent marker for muscle cell differentiation confirmed that muscle cells had differentiated within the incipient cleavage zone before overt cleavage. As shown in Figure 7 , monoclonal antibody MF 20, which binds to sarcomere myosin (Bader et al., 1982; Shimizu et al., 19851 , labels cells within the incipient cleavage zone. In addition, morphometric analysis confirmed that the numbers of muscle cells per unit area were not significantly different in the incipient cleavage zone and in the adjacent muscle. These observations suggest that muscle separation is not due to the failure of myotubes to differentiate in the presumptive cleavage zone.
Muscle proper and incipient cleavage zone are not, however, identical in all respects. The first difference revealed by the electron micrographs is a n increase in extracellular space within the incipient cleavage zone. Despite the relatively homogeneous appearance of this entire region when examined qualitatively at the lightmicroscopic level, paired t-tests showed a significant increase in the percent extracellular space in the incipient cleavage zone in comparison with the muscles (Pc0.05; Fig. 8 shows all values that met our criterion for significance). An increase in extracellular space is thus a very early event in the establishment of the cleavage zone.
A second, qualitative difference is in the organization of the myotube clusters. The cells within myotube Muscle cells within the cleavage zone appear to be selectively removed by phagocytes. In addition, while some myotube clusters can still be identified in the cleavage zone during this phase, the cells tend to be more isolated; and extensive cell-cell contact is less common than during the previous phase. D Cleavage zone during the cleaved phase. The cleavage zone is now populated almost entirely by mesenchyme cells; few muscle cells remain and these are still subject to removal by phagocytes. In addition, the remaining mesenchyme cells are more stellate and resemble cells in the loose connective tissue in regions surrounding muscles. Abundant, isolated filopodia are seen throughout the increased extracellular space. Bar = 10pm.
clusters in the incipient cleavage zone make fewer and less extensive contacts with one another and are more loosely packed in comparison with myotube clusters in adjacent muscle (see arrows in Fig. 5A,B) . This alteration in the association of cells may contribute substantially to the perception that extracellular space is increasing and cell density is decreasing within this cellular population. Instead of forming dense clusters separated by space, the cells are more evenly spread over the same area. Since the cells in the clusters appear to spread farther apart as cleavage progresses (see below), this initial loss of cell interactions is likely to The distribution of differentiated muscle cells was confirmed during cleavage phases using a n independent marker of muscle cell differentiation, monoclonal antibody M F 20 to sarcomere myosin. Arrows demarcate the incipient cleavage zones between the sartorius (s) and iliotibialis (i) and between the sartorius and ambiens (a). Differentiated muscle cells are clearly present in these developing cleavage zones.
rcflcct a gradual dispersal of cells within the clusters. A similar loose association of cells within myotube clusters is typical of the transition arca between muscle and the connective tissue exterior to the muscles.
Cleaving Phase: Removal of Muscle Cells by
Specific Phagocytosis
The initial differences that characterize the cleavage zone at the uncleaved phase become more pronounced in the cleaving phase. Myotube clusters are now much more loosely packed and the component cells are obviously less closely associated with one another (Fig. 5 0 . The percent extracellular space is again significantly higher than in adjacent muscle (P<0.003; Fig. 8 ) but is not significantly different from that in the cleavage zone in the uncleaved phase; the extracellular space gradually increases within the cleavage zone as cleavage progresses.
The ultrastructural level of analysis also reveals striking new characteristics. The first is a diminution in the number of cells per unit area in the cleavage zone (P<O.OOl). The decrease in total cell number during the cleaving phase is due solely to the loss of muscle cells from the cleavage zone. The number of mesenchyme cells is not significantly different from that in adjacent muscle or in the uncleaved regions of the cleavage zone. However, the number of muscle cells is significantly lower (P<O.OOOl) in the cleavage zone than in adjacent muscle during the cleavage phase. The most active phase of cleavage is characterized, therefore, by the localized disappearance of differentiated muscle cells from the cleavage zone.
The second difference is the appearance of phagocytic cells. Phagocytes are particularly plentiful in the regions of active cleavage but are seldom seen within muscle. Some of these phagocytic cells contain masses of cellular debris and have ultrastructural characteristics typical of macrophages, including numerous, stringy processes ( Fig. 9A ; see also Fig. 6) . In other cases, cells that appeared to be in the act of phagocytosis are indistinguishable from mesenchyme cells. For example, in Figure 9B , two muscle cells in the center of the cleavage zone appear to be engulfed by a neighboring mesenchyme cell. At a higher magnification (Fig.  9C) , the myofilaments look disorganized as if the cells were either dying or being destroyed by the phagocytic cell. When engulfed, some signs of degenerative change such as this are generally detectable in the muscle cells. This feature distinguished a phagocytic interaction from the similar close association between muscle and mesenchyme cells in the myotube clusters within the muscles.
We emphasize that the phagocytosis is highly cellspecific. The phagocytes engulf only muscle cells; in no case did we see engulfment of other cell types. Whenever cellular structure could still be made out in engulfed cells, characteristics of muscle such as myofilaments could be identified. Muscle cells become isolated as they lose cell-cell contacts with other cells in the dispersing myotube clusters. The isolation itself may predispose the muscle cells to phagocytosis or it may indicate a prior alteration in their properties that renders them susceptible to phagocytic removal. Although these muscle cells may be marked in some way for engulfment by early degenerative changes, such changes were never detected ultrastructurally before engulfment. Muscle cells within the cleavage zone appear to be selectively phagocytized and removed.
A number of experiments can be envisioned to determine whether muscle cells in the cleavage zone are dying or whether they are being killed by the phagocytes. For example, cell death can be prevented in embryos exposed to a low dose of 5-bromodeoxy-uridine just before and during the time of muscle separation. If muscle cleavage proceeds abnormally, it is likely that muscle cells in normal embryos die before they are recognized and engulfed by phagocytes. If cleavage proceeds normally, it is likely that either phagocytes are killing isolated, healthy muscle cells, or the removal of muscle cells by phagocytes does not play a significant role in the separation process. In a n alternative experiment, phagocytes can be prevented from entering the limb. If muscle cells within the cleavage zone die anyway, then it is likely that phagocytes are recognizing and removing dying muscle cells during normal development. These are only a few of the possible results and experiments that could answer the question of whether muscle cells in the cleavage zone die or whether they are killed by phagocytes.
Phagocytosis parallels the disappearance of muscle cells, and phagocytes are the one cell type that distinguishes cleavage zones from adjacent myogenic regions. Moreover, phagocytes engulf only differentiating myotubes in this location. We conclude, therefore, that the selective removal of muscle cells by phagocytosis plays a n important role in the establishment of the cleavage zone. Since we also see phagocytes around the outer borders of muscle, in the transition regions that share with the cleavage zone characteristics such as more loosely packed myotube clusters and abundant, stellate mesenchyme cells (Fig. 6) Paired t-tests for differences in extracellular space and distributions of cells within the emerging cleavage zone and muscles from seven embryos. Data were obtained from 2 or 3 phases of cleavage for each embryo, and data from the same embryo were paired to eliminate variance between chickens. The letters correspond to the phagocytosis may be generally associated with establishing muscle integrity by selectively removing isolated muscle cells.
Cleaved Phase: Maturation of the Space Between Muscles
During the cleaved phase, the cleavage zone has matured to form the space between muscles and resembles in many respects the region of The cleavage zone is increasingly populated by mesenchyme cells that are separated from one another and evenly spaced (Fig. 5D) . Despite the selective loss of muscle cells, the number of cells in the cleavage zone has increased and is no longer significantly different When these cells are viewed at higher magnification, it is clear that the engulfed cells are muscle cells. In all engulfed cells in which cytoplasmic contents were still identifiable, we found myofilaments (MF), suggesting that phagocytosis is cell-specific. In addition, signs of degeneration were detectable in all engulfed cells. For instance, the dispersed array of myofilaments (arrows) in these cells contrasts with the tight, regular pattern seen in a normal muscle cell (clear arrow). All from a stage 28.5 embryo. Bars in A, C = 5 pm; in B = 10 pm. from that in the adjacent muscle. The restoration of cell density is apparently due to a compensatory increase in the number of mesenchyme cells, which is significantly greater (P<0.05) within the cleavage zone in the cleaved than in the cleaving phase. It is not clear whether the increase in mesenchyme cells is due to a modest influx of an exterior population or to a local rise in mitotic rate. As discussed below, we do not see morphological signs of migration. In addition, while we could detect occasional mitotic figures in cleavage zones, they were too few in number for a statistical analysis.
The morphology of the mesenchyme cells in the cleavage zone gradually changes during cleavage. By the cleaved phase, mesenchyme cells are much more spatially complex in the cleavage zone than in adjacent muscle and are more similar to the highly stellate mesenchyme within the loose connective tissue surrounding muscle than they are to their counterparts within muscle (see Figs. 5, 6) . A 2-way analysis of variance established that mesenchyme cells had a significantly larger number of cell processes than muscle cells regardless of cleavage phase or location (F,,,,, = 34.11; P<.002). Furthermore, a paired t-test showed that the mesenchyme cells within the cleaved zone have significantly more cell processes than their counterparts in adjacent muscle during the cleaved phase (P<O.Ol), showing a significant alteration in cellular morphology. Moreover, the number of isolated filopodia (processes that could not be traced to cell bodies) is significantly larger (P<0.03) between cleaved muscles, indicating the greater abundance of cell processes in this region. Mesenchyme cells within the cleavage zone thus become more stellate as cleavage proceeds. The change in the shape of these mesenchyme cells is likely to indicate their differentiation to form loose connective tissue.
Stellate mesenchyme cells gradually intermix with the cells composing the muscles at the interface between the muscles proper and the mesenchyme of the limb, forming a transition area rather than a sharp boundary between the two tissues. The mesenchyme cells within the cleaved zone between muscles are more spatially complex, and the extension of abundant cellular processes in three dimensions strengthens the impression of increased extracellular space and decreased density of cells that are so distinctive of muscle separation at the light microscopic level.
The percent of extracellular space continues to increase in the cleavage zone and is significantly greater than in adjacent muscle (P<0.004) or in the cleavage zone at the cleaving phase (P<0.02). However, the number of cells within a unit area of the cleavage zone is not significantly different from that in adjacent muscle either before or after cleavage. A change in population distribution within the cleavage zone may help to explain how the extracellular space increases without a n associated, statistically significant decrease in the number of cells. The total cellular area in the cleavage zone is significantly less than in muscle during uncleaved (P<.05), cleaving (P<.OOl), and cleaved (P<.Ol) phases. In addition, the increased number of cell processes on mesenchyme cells extend the actual area occupied by these cells without completely filling the extracellular space with cytoplasmic area. Therefore, the increase in extracellular space without a concomitant decrease in cell number within the cleavage zone is a t least partially explicable in terms of a replacement of large muscle cells by smaller and more stellate mesenchyme cells. Similar changes in cell shape and cell-cell contact with only modest changes in cell number are associated with an apparent increase in cell density during the condensation of the premuscle masses and limb cartilages (Gould et al., 1972 (Gould et al., , 1974 Searls et al., 1972; Hilfer et al., 1973 ; but see Thorogood and Hinchliffe, 1975 The above observations are consistent with transitions of a population in situ to form the cleavage zone, but do not necessarily rule out a n alternative, i.e., that cleavage represents the massive intrusion of a n outside population. These two mechanisms, however, make different predictions concerning the distribution of the condensed regions that represent the muscle primordia before and after cleavage. If some of the condensed population alters in situ to form the more loosely packed cleavage zone, then the total cross-sectional area of the condensed region that represents both muscle primordia should decrease. Alternatively, if the condensations are separated by a n invading population, the regions of condensation representing each muscle anlagen should not decrease in size but should be pushed apart.
To address this issue, we compared the overall dimensions of the muscles in cross section before and after cleavage. As shown in Figure 10 , camera-lucida tracings of the total cross-sectional area of the sartorius and iliotibialis muscles before (dark lines) and after (stippling) cleavage are essentially superimposable. If an exterior population the width of the cleavage zone had inserted itself between the muscles, we would have expected the total area encompassed by the two muscles and the intervening cleavage zone to increase. Instead, the total area has remained the same. In addition, the proportion of the total cross-sectional area that is occupied by condensed cells has decreased after cleavage; a central region of less condensed cells is now present in the center of the condensation, as though a population has emerged in situ to form the cleavage zone. These observations support the notion that the cleavage zone arises through transitions in the resident population.
We specifically looked for and did not find cells that were aligned in a manner that would lead them into or out of the cleavage zone in either transverse or longitudinal planes of section. In fact, the majority of the mesenchyme cells within the cleavage zone are stellate, a morphology that is not usually associated with active cell migration (Fig. 5C,D) . The aligned populations we did observe in transverse sections do not correlate in space or time with the process of cleavage. For instance, mesenchyme cells between the ectoderm and the muscle are commonly aligned parallel with the dorsal edge of the muscles, but this population was seen only in regions where muscle had already cleaved (Fig.  6) . These cells may be precursors of the epimyseum that surrounds each muscle later in development. Shellswell et al. (1980) also concluded, based on immu-ULTRASTRUCTURE OF TH Cameralucida tracings of the iliotibialis and sartorius muscles before (dark outlines) and after (stippled areas) cleavage have been superimposed and show that there is little or no increase in the total area occupied by the muscles and cleavage zone after cleavage is completed. This similarity in cross-sectional area before and after cleavage does not support a mechanism in which a large influx of a n exterior population separates the two muscle anlagen. Instead, the region of decreased cell density appears to emerge in situ. In addition, note the more extensive tissue shrinkage in tissue that had been fixed in Bouin's and Carnoy's solutions and embedded in parafin (A,B) in comparison to tissue fixed in glutaraldehyde and embedded in plastic (C,D). Despite these differences, similar patterns of condensation are apparent. The similarity suggests that local differences in cell density are not a preparation artifact, as has been suggested for other systems (see Thorogood and Hinchliffe, 1975). nohistochemistry, that this tissue develops too late to play a causal role in muscle cleavage. These observations cannot rule out a modest role for active cell migration during cleavage, but they do not support a model in which there is a massive influx of cells.
Two additional populations, blood vessels and nerves, may be considered as invasive populations, but their distribution does not correlate with muscle separation patterns. Blood vessels were abundant within the surrounding presumptive connective tissue and in the cleavage zone and were slightly less abundant within muscle. However, there is no obvious correlation between the distribution of blood vessels and the separation of muscles. Likewise, the positions where nerves invaded muscle anlagen do not correlate with patterns of separation. Increased extracellular space and transitions of cells to more stellate morphologies are commonly attributed to an increased incidence of or to a change in the composition or degree of hydration of the extracellular matrix (ECM; see Toole, 1972; Singley and Solursh, 1981) . We looked for differential binding by four monoclonal antibodies to different ECM components along the progressing cleavage zone. If a particular epitope were to play an initiating role in cleavage, we would expect to detect it within the incipient cleavage zone, rather than after the process begins. We did not discover such a pattern of staining; it remains possible, however, that an epitope may be expressed in such a pattern but that the expression is at too low a level to be detected by light-microscopic analysis. Additional epitopes that were not recognized by the antibodies in this study may also be expressed in such a pattern. Another pattern of expression that would directly implicate an epitope in the process of cleavage is its expression only within the cleavage zone. We found no epitope that is characteristic of the cleavage zone alone with the monoclonal antibodies used in this study.
Instead, the labeling pattern of all epitopes examined is consistent with what would be expected from the distribution of muscle and mesenchyme cell populations during each phase of cleavage. In all cases the uncleaved portion of the cleavage zone labels similarly to muscle; the cleaved portion labels like the loose connective tissue exterior to muscle. Figure 11 shows the pallerns of labeling in the cleavage zone during the cleaving phase; in all cases the pattern is intermediate between that in muscle and that in connective tissue. For instance, muscle and femur label darkly and surrounding connective tissue labels lightly with antibody 2B6 after treatment with chondroitinase ABC, a treatment that is specific for the labeling of chondroitin-4-sulfate and dermatan sulfate. Label within the cleavage zone is intermediate in intensity (Fig. 11A) . A second pattern of labeling, seen with antibody CS-56 to chondroitin sulfate proteoglycan, is complementary in that connective tissue surrounding muscles labels more intensely than muscle. Immunoreactivity in the cleavage zone is intermediate in intensity during the cleaving phase, with some scattered, dark labeling like that in connective tissue (Fig. 11B) . Two antibodies, 5D4 (to keratan sulfate) and 3B3 (to chondroitin&sulfate), label neither muscle nor connective tissue and the cleavage zone is also unlabeled (Fig. 11C,D) . These results suggest that ECM characteristic of connective tissue accumulates within the cleavage zone as cleavage proceeds.
DISCUSSION
Summary of the Temporal-Spatial Alterations That Characterize Muscle Separation
Muscle separation progresses in an orderly fashion along the proximal-distal axis and can be systematically sampled. Our analysis of three phases of cleavage thus allows us to infer the temporal sequence of events that characterize the emerging cleavage zone between muscles. The extracellular space increases; the cells within myotube clusters progressively lose their close Fig. 11 . Immunoreactivity of four monoclonal antibodies to ECM components during the cleaving phase. A Monoclonal antibody 2B6, specific for chondroitin-4-sulfate and dermatan sulfate after digestion with chondroitinase ABC, strongly labels muscle (m) and femur (f) and weakly labels surrounding connective tissue (c). Label within the cleavage zone (arrow) is intermediate in that some cells label darkly and some lightly. B: A second labeling pattern, seen with antibody CS-56 to chondroitin sulfate proteoglycan, is complementary in that cell-cell associations; the number of cells per unit area transiently decreases during the cleaving phase due to the preferential loss and phagocytosis of muscle cells; and the mesenchyme cells gradually change their morphology to become more stellate, more evenly spaced, and, in the final phase of cleavage, more abundant. Similar changes appear to characterize the regions exterior to muscle. By the time the muscles have separated, the ECM within the cleavage zone differs in composition from that within muscle and is similar to that seen in the connective tissue exterior to the muscle in that chondroitin sulfate proteoglycan is present. Our characterization of these alterations provides a realistic baseline to address possible mechanisms of cleavage, which we discuss below.
connective tissue surrounding muscles labels more intensely than muscle. Label in the cleavage zone (arrow) is intermediate during the cleaving phase with some scattered cells as darkly labeled as those in connective tissue. C,D: In a third pattern, seen with antibody 5D4 to keratan sulfate (C) and 3B3 to chondroitin-6-sulfate (D), only developing cartilage is darkly labeled. Neither muscle nor connective tissue are labeled and immunoreactivity is not detectable within the cleavage zone. Bar = 100 pm.
possible to show that the pattern of muscle separation is established early, and that this pattern is inherent in the connective tissue precursors rather than in the presumptive myoblasts (Christ et al., 1977; Dienstman et al., 1974; Chevallier and Kieny, 1982; Noden, 1983; Mauger et al., 1983; Lance-Jones, 1988 ; reviewed by Kieny, 1977) . Myogenic precursors within the somite are not determined to form particular muscles. However, when the anterior-posterior axis of the somatopleure is rotated opposite the incipient anterior hindlimb, the muscles within the corresponding portion of the limb develop in reversed anterior-posterior order. These results show that the embryonic source of the connective tissue determines the eventual pattern of muscle separation.
Y l
Nevertheless, the developing connective tissue may not be the most proximate cause of the physical separation of muscles. An alternative manner in which this tissue may dictate the muscle pattern is by expressing a three-dimensional network of positional information
What ls Responsible-Muscle or Mesenchyme?
The convenient physical separation of the embryological sources of limb muscle and connective tissue (the somite and somatopleure respectively) has made it in the limb (possibly based on expression of retinoic acid and its receptor; see Thaller and Eichele, 1987) that affects the differentiation pattern or properties of other cell types. There is in fact only one report that would lead us to believe that muscle is completely at the mercy of the connective tissue in muscle patterning and could, in effect, be dispensed with. Lanser and Fallon (1987) report that the shape of a muscle may be established within the connective tissue in the absence of muscle cells. This intriguing observation cannot a t this stage be conclusive since muscle cells may have been present earlier and then degenerated before they were detected, and we still must consider how either population could bring about cleavage. In the interests of simplicity, we emphasize in the discussion below how a single developmental event could initiate all the events that characterize cleavage in each of several models.
Models in Which Site-Specific Differences in Muscle Cells
Initiate and Establish Separation
In this section, we discuss models in which the process of cleavage is initiated by a programmed difference in the myogenic cells that lie along the incipient cleavage zone. In the first model, muscle cells are suggested to be programmed to die within the cleavage zone. Morphogenetic cell death is a common feature of several systems in which a spatially restricted population becomes determined to die and does so even if removed from its normal environment (see review by Saunders, 1966) . For example, degenerative changes within myotubes in the developing human hand have been detected using histochemistry (Grim, 1978) . In our ultrastructural analysis, we did not detect degenerative changes in muscle cells before phagocytosis, but such changes could be present and detected by phagocytes. Expression of the "death" program would change muscle cell properties which in turn could stimulate the loss of associations between muscle and mesenchyme cells and mediate the subsequent recognition and removal of muscle cells by phagocytes. If this model is correct, then muscle cells removed from incipient cleavage zones should die and do so on schedule.
In a second model, the effect of positional information is to inhibit muscle cell differentiation within the cleavage zone, which in turn is the proximate cause of muscle separation (see also Shellswell and Wolpert, 1977) . This model is in accord with reported temporal differences in the pattern of initial differentiation. The first myotubes appear to differentiate in nucleation sites within the limb that have been suggested to correspond to individual muscle anlagen well before any signs of overt cleavage (Noakes et al., 1986 ; see also Tanaka and Landmesser, 1986) . Muscle cell immaturity might also be reflected by the looser cell packing within myotube clusters in the incipient cleavage zone. However, we establish here that the position-dependent differentiation of myotubes does not explain cleavage in the most simple and straightforward way: myotubes do not fail to initiate differentiation within the cleavage zone and in fact do so a t a density similar to that seen in muscle a t all the embryonic stages studied. These results disprove the simple hypothesis that muscles cleave where they do because muscle cells never differentiate between muscle anlagen.
The above hypothesis can be modified to accommodate our results: muscle cells within the cleavage zone may be unable to proceed past a particular stage in differentiation, become moribund and subject to phagocytic removal. One distinguishing feature of muscle cell differentiation is the expression of fiber-type specific molecules. Some of the first of these molecules appear to be expressed coincident with or shortly after cleavage (Sweeny et al., 1989) . It would be interesting to determine whether muscle cells in the cleavage zone do or do not express these molecules before being phagocytosed.
A third model in which cell adhesivity might decrease in the cleavage zone was proposed by Shellswell and Wolpert (1977) . As originally stated, the decreased adhesivity would result in separation owing to a process of sorting out in the manner first described by Steinberg (1970) or owing to a physicial shearing along the region of reduced adhesivity. The fact that myotube clusters disperse is consistent with a lessening of cell adhesivity and suggests that lowered adhesivity is in fact a characteristic of cells within the cleavage zone. The decreased adhesivity could be a result of changes in the differentiation program of muscle in the cleavage zone; it could, for instance, be a result of a morphogenetic death program or of an inhibition of further differentiation. We find, however, no evidence of sorting out or of a shearing of the population along a region of decreased adhesion. If this model is to fit the parameters we have established, then the decreased adhesion must in some way target the muscle cells for phagocytosis.
In all of the models above, the primary impetus for cleavage is suggested to be a change in muscle cells that results in their removal from the cleavage zone. If so, then the concomitant alterations in the mesenchyme cells could be a consequence of the loss of interactions with muscle cells and need not be separately programmed. Mesenchyme cells deprived of the opportunity to associate with muscle cells may choose an alternative path of differentiation, becoming stellate cells of the loose intermuscular connective tissue, and expressing a corresponding pattern of ECM synthesis. Such binary differentiation choices have been suggested to be critically dependent upon timely cellular interactions in other systems (see, for example, Weston et al., 1988) . A test of this proposition might combine or isolate muscle and mesenchyme in culture and determine whether their fates were dependent on interactions.
The loss of the muscle cell population could also explain the subsequent rise in mesenchyme cell number within the cleavage zone during the last phase of cleavage. The cell density within tissues appears to be controlled during development, as evidenced by the regulation of cell numbers following experimental deletion of a variety of populations during critical periods (see Mauger and Kieny, 1980 , for a n example of regulation in the limb). In addition, with the exception of the transient decrease in cell density during the cleaving phase, the number of cells per unit area is remarkably constant throughout muscle and associated tissue. It can be argued that there is a homeostatic mechanism to assure that characteristic cell densities are retained during development by control of mitotic and migra-tory processes, and that developmental "regulation" in response to manipulation reveals this compensatory mechanism. We propose that such a homeostatic mechanism may compensate for the deletion of muscle cells by a developmental mechanism, and that this deletion stimulates a n increase in the remaining mesenchyme cell population until cell density is restored.
Model in Which Cleavage Results From the Invasion of Mesenchyme Cells
The possibility that muscles are separated by the incursion of a wedge of mesenchyme cells between the anlagen was initially identified as a possible mechanism by Shellswell and Wolpert (1977; see also Shellswell, 1977) . This attractive hypothesis is consistent with the straightforward supposition that muscle is passive and mesenchyme active in muscle separation. In addition, Chiquet et al. (1981) showed by means of immunohistochemistry that fibronectin increases in the cleavage zone as muscles separate and suggested that a n invasive population that synthesized fibronectin was migrating into the cleavage zone. While we also document a n alteration in ECM within the progressing cleavage zone, we feel these molecular differences are also consistent with an alternative interpretation. A population that already resides within the incipient cleavage zone may synthesize a different set of extracellular molecules as cleavage progresses. The appearance of different molecules between muscles as they separate does not, therefore, provide direct evidence in favor of separation by a n invading population.
Our morphological observations do not rule out the possibility that a small number of cells invades the cleavage zone, but neither do they provide strong support for a physical separation of muscle anlagen by an outside population. First, examination at the light-microscopic level shows that condensed myogenic regions do not retain their size and move apart during cleavage, but instead decrease in size as a less dense region emerges centrally between the two anlagen. This observation is consistent with the insertion of a wedge of cells only if this wedge caused the cells within muscle to further condense, which they do not, since the number of cells per unit area remains relatively constant within muscle at all phases. Second, we did not find aligned cells that would be consistent with a massive influx of a n external population; however, we could not have detected a small influx, and cannot by this method rule out the possibility that migration makes a n important if subtle contribution to cleavage. Third, the cell-cell associations and the mesenchyme morphology change progressively with cleavage, and it is particularly difficult to envision how an invading population could alter the cell-cell associations within populations that are already present in the cleavage zone. Finally, experimental manipulations suggest that there is little cell mixing and migration within the limb during the period of muscle separation. For instance, cells from quail or chick limbs implanted into a chick limb bud stay in place rather than invading or intermingling with surrounding populations (Tickle et al., 1978; Fisher and Solursh, 1979; Erickson et al., 1980) . These experiments, however, did not specifically test the possibility that cells invade muscle masses. Very fine-grained fate mapping using homotypic transplantation of marked cells or vital dyes shortly before muscle cleavage commences could directly test the hypothesis that cells invade the cleavage zone. Our results, in the absence of such experimental evidence, cannot rule out this possibility, but they more directly support the notion that muscle separation is due to alterations in the cell populations within the muscle masses that lie along the incipient cleavage zone.
Model in Which Cleavage Results From Site-Specific Differentiation of Connective Tissue
We propose that mesenchyme cells in the cleavage zone are programmed to differentiate as loose connective tissue while those within muscle are programmed to form muscle-associated connective tissue. Consistent with this proposition is the similarity between the new ECM within the cleavage zone and that seen in loose connective tissue exterior to the muscles. Both sites display immunoreactivity for fibronectin (Chiquet et al., 1981) and, as we show, for chondroitin sulfate proteoglycan. Conversely, immunoreactivity for a n epitope characteristic of muscle, chondroitin-4-sulfate, gradually decreases in the cleavage zone until it is similar to the low level in the loose connective tissue. It is thus plausible that the ECM composition changes as a result of mesenchyme cells differentiating and synthesizing components more typical of loose connective tissue. These ECM components may in turn directly stimulate the loss of cell contacts within myotube clusters. Certainly during cartilage development, ECM is commonly supposed to "push cells apart" (Gould et al., 1974) . The increased stellate morphology of mesenchyme cells would also be a concomitant of their differentiation program. Many of the physical changes that characterize the cleavage zone could thus be natural consequences of a program of differentiation of the resident mesenchyme cells.
In this model, the death and removal of muscle cells within the cleavage zone is suggested to result from interactions with the differentiating mesenchyme cells. The most straightforward possibility is that differentiating connective tissue cells synthesize substances that inhibit the further maturation of muscle cells. This possibility is in accord with studies in culture suggesting that several ECM components inhibit differentiation of muscle cells (see Carrino and Caplan, 1986; Bischoff, 1978) . For instance, while fibronectin may aid the migration of presumptive myoblasts and their early development (see Turner, 1986) , it has also been suggested to inhibit muscle differentiation; fibronectin appears to delay the fusion of myoblasts in culture (Podleski et al., 1979) . Furthermore, hyaluronic acid, which is often found in regions of loosely packed cells (see Toole, 1972) , has been reported to inhibit the program of myogenesis (Kujawa and Tepperman, 1983; Kujawa et al., 1986) . Further characterization of the ECM of the loose connective tissue and further examination of its effect on muscle fiber differentiation are clearly warranted. Although we think it less likely, it is also possible that the loss of mesenchymal contact either triggers a cell death program in the muscle cells, or removes some protection from phagocytosis. Phagocytosis of muscle fibers is characteristic of muscle remodeling during metamorphosis (Kerr et al., 1974) , during muscle regeneration (Carlson, 1986) , and in muscular dystrophies (e.g., Kirkeby and Mikkelsen, 1988) when normal cell-cell relationships are disrupted; however, there are likely to be factors other than cell-cell interactions contributing to the susceptibility of these more mature muscle fibers.
Any of the proposed scenarios in which the fate of muscle cells is dependent upon an interaction with mesenchyme more easily explain why muscle cells are phagocytosed at the outer edges of muscles where connective tissue is differentiating, as well as within the cleavage zones. Because of its simplicity and greater inclusiveness, we favor the model in which the programmed differentiation of mesenchyme cells in the cleavage zone initiates muscle cleavage. Since the morphogenetic pattern of the limb is supposedly set up by positional information contained within its tissues (Wolpert, 1969) , an early role of positional information may be to instruct a pluripotent population of mesenchyme cells to form connective tissue along incipient cleavage zones or to assure that cells committed to this fate array themselves in the proper places. As these mesenchyme cells begin to differentiate in the cleavage zone and around the outer edges of muscles, they synthesize ECM or other substances that 1) stimulate the loss of cell contacts and the more even spacing among cells, 2) provide positive feedback for the continued differentiation of mesenchyme cells, and 3) provide negative feedback for local muscle cell differentiation that ultimately results in the specific recognition and phagocytic removal of these isolated muscle cells.
